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Paradox of sexual reproduction 36 The term "sexual" may be assigned to a broad array of processes (see e.g. Redfield, 2001; 37 Birky, 2009; Gorelick & Carpinone, 2009; Schön et al., 2009a) . On the other hand, sex in its 38 strict sense (i.e. amphimixis) is defined as the alternation of meiosis and syngamy (Butlin et al., 39 1998a). 40 Sexual reproduction (sensu amphimixis) is one of the most enigmatic phenomena in 41 evolutionary biology, especially if its overwhelming predominance in eukaryotes is taken into 42 account (see e.g. Williams, 1975; Maynard Smith, 1978; Bell, 1982; Meirmans & Strand, 2010) . 43 The reason is that it brings many obvious disadvantages in comparison to asexual reproduction-44 the well-known two-fold cost of sex being only the first and most obvious one (see e.g. Lehtonen 45 et al., 2012). Thus, an asexual lineage invading the sexual population would be expected to 46 quickly drive its sexual conspecifics extinct (Maynard Smith, 1978) . None of these 47 disadvantages apply to all sexual species because of the highly variable nature of their 48 reproduction. But, under many circumstances, the disadvantages apply profoundly (Lehtonen et 49 al., 2012). Thus, sexual reproduction remains an enigma that calls for explanation. 50 Theories of sexual reproduction 51 Many main concepts and their countless variants were proposed to explain the paradox of 52 sexual reproduction (reviewed e.g. in Williams, 1975; Maynard Smith, 1978; Bell, 1982 Bell, , 1985  53 Kondrashov, 1993; Meirmans & Strand, 2010) . The genetic advantages of sexual reproduction as 54 the explanation for the maintenance of sexual reproduction are highlighted by theories like the 55 Weismann's idea of sex generating variability, later delimited as the concept of Vicar of Bray 56 (Bell, 1982) , Fisher-Muller's accelerated evolution of sexual species (Muller, 1932 ; Fisher, 57 6 other hand, abiotically heterogeneous environments with conditions widely fluctuating to 126 extremes (e.g. the desiccating ponds) tend to be biotically homogeneous (Tokeshi, 1999) . 127 The "biotic" and "abiotic" theories of sexual reproduction mentioned above have 128 different predictions regarding the character of the environment that will be advantageous for 129 sexual and asexual species. However, their predictions are not absolutely disparate-one could 130 easily devise examples of environments suitable for asexual species according to both groups of 131 theories, e.g. stable extreme environments. Similarly, the individual theories of sexual 132 reproduction are far from being disparate; they are usually interconnected in their basic 133 principles, they intermingle and complement each other (Meirmans & Strand, 2010) . Many, if 134 not all "abiotic" theories can be reinterpreted "biotically". It is therefore possible that the 135 differentiation of "biotic" and "abiotic" ecological theories is important in theory, but not 136 important in the real world, and that sexual organisms do have an advantage in environments that 137 are both biotically and abiotically relatively heterogeneous (i.e. overall heterogeneous 138 environments). 139 It was suggested by Williams (1975, pp. 145-146, 149-154, 169 ) and explicitly discussed 140 by Flegr (2013) that the lower ability of sexual species to fully adapt to transient environmental 141 changes brings them, paradoxically, a major advantage in randomly fluctuating environments, 142 i.e. in environments expressing large (biotic or abiotic) heterogeneity in time. Evolutionary 143 "plastic" (sensu Flegr) asexual species, sooner or later, adapt to transiently changed 144 environmental conditions and become extinct when the conditions return to normal. Sexual 145 species are not able to fully adapt to temporal environmental changes; they always retain some 146 genetic polymorphism that helps them escape extinction when the conditions quickly return to 147 normal. This hypothesis was supported by the results of certain experimental studies, e.g. long-148 term patterns of fitness and genetic variability (Renaut et al., 2006) or dynamics of adaptation 149 (Colegrave et al., 2002; Kaltz & Bell, 2002) in sexually and asexually reproducing 150 Chlamydomonas. According to this (meta-)hypothesis, asexuals would prevail in stable or 151 predictively slowly changing, possibly extreme, environments of low temporal heterogeneity 152 (Flegr, 2013) . Given the similarities between the effect of temporal and spatial heterogeneity 153 mentioned above, this notion can be readily extended to encompass both temporal and spatial 154 heterogeneity. Similar remarks were made, e.g. by Williams (1975, p. 153 ) and Roughgarden 155 (1991), while a combination of several aspects of heterogeneity was implicitly also proposed as 156 7 the explanation of the presence of sexual reproduction by Glesener & Tilman (1978) and some 157 interpreters of the Red Queen theory (e.g. Butlin et al., 1999) or the tangled bank hypothesis (e.g. 158 Bell, 1982) . 159 Comparing the ecology of sexual and asexual groups 160 Most of the organisms that live on Earth, Archaea and Bacteria, are primarily asexual, 161 while most of the known species, eukaryotes, are primarily sexual (Speijer et al., 2015) . 162 However, some eukaryotic lineages switched to secondary asexual reproduction (de Meeus, to test particular theoretical concepts: lottery hypothesis and Sisyphean genotypes hypothesis 170 (Williams, 1975; Hörandl, 2009) reproduction. However, particular mechanisms that favour higher levels of sex are hard to 187 determine in these cases that are, moreover, often based on facultatively sexual organisms. 188 Short-term and long-term asexual groups 189 The main problem of the comparative studies mentioned above may be the inclusion of 190 both old and young asexual taxa. Most secondary asexual groups probably are not evolutionarily 191 viable in the long term, as could be deduced from the distribution of asexual lineages on the "tree 192 of life." With the exception of several ancient asexuals (AAs), they form only the terminal 193 twigs-species and genera (Butlin, 2002) . This pattern could be the consequence of the 194 disadvantage that secondary asexual species have in species selection (Nunney, 1989 ). In the 195 large majority of cases, young asexuals do not speciate, and when the conditions suitable for 196 their opportunistic transition to asexuality change, they become extinct. Another suggested 197 reason for this macroevolutionary failure of asexual species is their failure in the interspecific 198 sorting in fluctuating environments-asexual species are able to adapt to temporarily changed 199 conditions more easily, but they fail to readapt quickly enough because of the lack of genetic 200 polymorphism, and therefore become extinct when the conditions return back to normal 201 (Williams, 1975; Flegr, 2013) . At least some young asexual lineages could, in fact, consist of 202 short-lived clones continuously cleaved from maternal sexual population (Janko et al., 2008; 203 Vrijenhoek & Parker, 2009). Alternatively, they could be sustained by an occasional 204 hybridisation with related sexual lineages (Turgeon & Hebert, 1994; van Raay & Crease, 1995; 205 Butlin et al., 1998b) or an infrequent transfer of genetic material from "host species" in 206 hybridogenetic and gynogenetic lineages (Mantovani et al., 2001; Bogart et al., 2007) . In sum, 207 young asexuals do not have to exhibit the properties that would allow them to survive in the long 208 term and, contrary to the mainstream view, they could in fact bring a significant noise into the 209 studies of long-term maintenance of sexual (and secondary asexual) reproduction. In other 210 words, the existence of most asexual lineages might be a consequence of certain ecological 211 opportunism and the reasons for their survival might be, in contrast to the AA lineages, different 212 from case to case. We speculate that this may be the main reason for the inconclusiveness of 213 most comparative studies mentioned above-they focused only on short-term asexual clones or 214 did not take into account the age of different clones. 215 The phenomenon of asexual "terminal twigs contra ancient asexuals" is still somewhat 216 controversial and its real existence is being discussed (see e.g. Schön et al., 1996 ; Neiman et al., Aims of the study 248 The main aim of the current study is to test whether AAs more often inhabit 1) generally 249 less heterogeneous environments, 2) less biotically heterogeneous environments, or 3) less 250 abiotically heterogeneous environments. To this end, we used paired exact tests to compare the 251 ecological demands of sexual species and AA species within all six unrelated clades of 252 eukaryotic organisms in which the presence of differences in associated environmental 253 heterogeneity can be recognised on the basis of available published data. Namely, we tested the 254 hypothesis that, within such pairs, the asexual species inhabit more homogenous environment 255 more often than the sexual species. In the exploratory part of the study, we searched for argue for the substantial difference of AAs from other asexuals or against it. We focus only on 268 groups that were proven to survive in an asexual state for a considerable amount of time. Thus, 269 regardless of the discussion on the fundamental distinction of young and old asexual taxa, which 270 was briefly presented in the Introduction, in the current study we defined AAs conservatively as 271 those secondary asexual eukaryotic lineages that reproduce obligately asexually with a great deal 272 of certainty for at least one million years. 273 The condition of obligate asexuality is at least equally as important as the age of the 274 studied asexual groups in the context of this study, as many seemingly asexual lineages might 275 experience rare sexual events or other forms of genetic exchange. These options constitute a 276 11 greater problem in short-term asexuals than in AAs, which are spatially and temporally isolated 277 from their sexual sister lineages. Nevertheless, their obligate asexuality was discussed, studied, 278 and verified thoroughly (see Table S1 ). 279 At the beginning, we identified well supported AA groups with the help of literary 295 In the next step, we identified ecologically comparable sexual sister lineages for the eight 296 AA groups by using literary sources. In those individual cases in which the phylogenetic 297 relations between the sexual and asexual lineages were not entirely clear, we used the closest 298 possible comparable clades-clades proven to be closely related and comparable in terms of 299 their ecology (see Table S2 ). Three of the AA groups were monophyletic (Bdelloidea, 300 Darwinulidae, and Vittaria). The remaining AA groups were polyphyletic, i.e. they included 301 several related monophyletic asexual sub-lineages with interstitial sexual lineages. In each case 302 of a polyphyletic AA taxon, these closely related AA lineages were taken together and treated as 303 single unit in the analysis. In the opposite case, i.e. if the monophyletic lineages of these 304 polyphyletic taxa were incorporated into the analysis as single units, the risk would arise that the 305 observations would not be independent and the results of statistical analysis could be biased 306 because of the effect of pseudoreplications. Thus, in these cases, we compared every individual 307 12 AA lineage with its sister sexual lineage in the monophyletic sub-taxa of the polyphyletic AA 308 groups and based our conclusions on the prevailing trend (i.e. over 50 % of the cases; however, 309 all actual trends were much more convincing, see Table S3 ) in the polyphyletic groups. 310 Unfortunately, with the exception of Timema, the internal phylogenetic relationships of the 311 studied polyphyletic AA groups were more or less unclear. Where possible, we proceeded using 312 the most probable relationships (Bdelloidea, Darwinulidae, Oribatidae, Nematalycidae and 313 Proteonematalycidae, Grandjeanicidae and Oehserchestidae, see Table S2 ). In the cases with 314 several equally probable alternative phylogenetic relationships of AA and sexual lineages (both 315 in monophyletic /Vittaria/, and polyphyletic /Alicorhagia and Stigmalychus, Pomerantziidae, 316 Vittaria, Lasaea/ AA taxa), we compared AA lineages with alternative sexual controls to 317 determine the consistency of the trend in the association of AA lineages or sexual controls with 318 biotically and/or abiotically more heterogeneous environments (all trends were consistent over 319 all alternative sexual controls, see Table S3 ). 320 It could be argued that it is legitimate to consider particular asexual monophyletic 321 lineages in the polyphyletic AA group as independent observations when we inquire into the 322 reasons for maintaining sexual reproduction, not into the reasons for the transition to sexuality 323 (Thornhill & Fincher, 2013) . However, we chose the more conservative approach because, as 324 noted above, the phylogenetic relationships of the individual AA and sexual lineages were often 325 not clear enough to form sisterly pairs of sexual and asexual lineages in the polyphyletic AA 326 groups with necessary certainty. 328 After the identification of the AA groups and their sexual controls, we focused on the 329 comparison of the character of their environments. Using relevant literary resources, we 330 collected and analysed data on the (biotically or abiotically more heterogeneous or 331 homogeneous) character of environments inhabited by the studied groups (see Table S3 ). Biotic Biotic heterogeneity 339 We define biotically highly heterogeneous environments as those in which selective 340 pressures affecting the offspring differ profoundly from those that previously affected their 341 parents because of the coadaptation (or rather counter-adaptation) of interacting organisms. 342 Thus, the most biotically heterogeneous environments are the habitats with a high degree of predators, pathogens and competitors in these stages (as do, for example, Bdelloidea-see 453 Wilson, 2011). The geographical trend of decreasing biotic heterogeneity with increasing latitude 454 might be expected on a global scale. Species diversity and ecosystem complexity decrease with 455 distance from equator (Tokeshi, 1999) . These events are coupled with a decreasing intensity of 456 parasitization, abundance, prevalence and a relative diversity of parasites (Rohde, 1986 abiotically more homogeneous than soils of other biomes (see e.g. Siepel, 1994 Siepel, , 1996 . 486 Regarding aquatic environments, freshwater habitats and coastal areas are the most 487 abiotically heterogeneous (Sheldon, 1996) . The decrease of abiotic heterogeneity with increasing 488 depth is also expected-water masses buffer surface environmental changes in a similar way to were identified consequently with the help of relevant literature; see Table S2 .
Sexual controls
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Determination of environmental heterogeneity
534
Comparative analysis of the habitat homogeneity of ancient asexuals and their 535 sexual controls 536 The comparison of the character of environments inhabited by the AAs and their sexual 537 controls showed that AAs inhabit biotically or abiotically (6 of 6, p = 0.016), biotically (6 of 6, p 538 = 0.016), and abiotically (5 of 5, p = 0.031) more homogeneous environments. All these results 539 are statistically significant. Details of the results are summarized in the Supplemental review of 540 AA ecology and Table S3 . it was not possible to distinguish whether the heterogeneity is lower in the AA group or in the 560 sexual control. More specifically, enough information could not be found to decide either way. 561 The associations with biotically and abiotically more homogeneous environments overlap 562 almost perfectly. Thus, the results of the comparative analysis clearly indicate that either the AA 563 groups tend to be associated with overall (both biotically and abiotically) homogeneous 564 environments, or that these two types of heterogeneity are so strongly correlated that it is 565 impossible to decide in favour of theories of sexual reproduction that stress the key role of biotic 566 or abiotic heterogeneity. In general, our results obtained on AAs support, but of course do not 567 prove, the hypotheses that consider both biotic and abiotic heterogeneities acting as one factor in 568 their effect on organisms (Williams, 1975, pp. 145-146, 149-154, 169; Roughgarden, 1991; 569 Flegr, 2010, 2013). 570 Despite the widespread apprehension that the long independent evolution of AAs and 571 their sexual controls would hamper any ecological comparative analysis of the type presented 572 here (leading to the preference of young asexual lineages, see Introduction), we found that both 573 groups usually inhabit quite similar and considerably homogeneous environments. Contrary to 574 the initial expectation, this can, in fact, complicate analyses aimed at evaluating the differences 575 of the environments of AAs and their sexual controls in the opposite way (as was the case of 576 Timema and Lasaea, see Table S3 ). On the other hand, their common ancestor's association with 577 the homogeneous environments could have been a preadaptation to the successful and long-term 578 21 transfer to asexual reproduction in the AAs. This tendency is obvious especially in 579 Darwinuloidea-Cypridoidea, but it can also be seen in Bdelloidea-Monogononta, Oribatidae, and 580 Endeostigmata (see Table S3 ). 581 It is interesting in this regard that a lot of contested AAs (see Table S1 ) also inhabit The exploratory part of this study is based on data gathered in the course of the analytic 593 part of the study. Besides the tendency to inhabit biotically and abiotically homogeneous 594 environments, we discovered several properties and adaptations that are common to a 595 considerable number of studied AAs, do occur in AAs strikingly more often and could be the 596 particular adaptations enabling their long-term survival in the environments mentioned above. 597 Universally distributed adaptations potentially connected to the mode of reproduction were not 598 expected to be found in our sample because of markedly different ecological strategies of the 599 studied AAs. In spite of that, we found characteristics that have broad distribution among studied On the other hand, paleontological studies show that species with planktonic larvae have 662 decreased extinction rates in background extinction, particularly that species without planktonic 663 larvae go extinct more rapidly (Jablonski, 1986 721 It is noticeable that there are practically no typical predators and parasites among the AAs 722 we studied-this property is characteristic for all 8 studied groups. Remarkably often they feed 723 on dead organic matter or are autotrophic; parasites are almost absent, and in the case of a 724 predatory lifestyle, they are phytophagous or filtering (see Table S3 ). One possible explanation is 725 that they are unable to keep up in the co-evolutionary race with their sexual hosts or prey. Thus, 726 they can be successful in the long term, especially in the case of a predatory lifestyle, only if they 727 adopt (or are preadapted to) such nonspecific ecological strategies.
Absence of life strategies with intensive biotic interactions
26
Succumbing to domestication and delegation of concern for its own benefit to another 729 biological entity 730 The tendency for asexual reproduction is particularly interesting in the contested AA affecting the organisms to be one factor that can exhibit itself in many ways (Williams, 1975 
